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The aim was to determine the evolutionary position of the Staphylococcus aureus clonal complex 75 (CC75)
that is prevalent in tropical northern Australia. Sequencing of gap, rpoB, sodA, tuf, and hsp60 and the
multilocus sequence typing loci revealed a clear separation between conventional S. aureus and CC75 and
significant diversity within CC75.
To date, more than 50 species and subspecies of the genus
Staphylococcus have been described (5, 13). The most promi-
nent species, Staphylococcus aureus, is a major human patho-
gen that can cause a wide variety of hospital- and community-
acquired infections (9). Strains carrying the mobile genetic
element SCCmec (staphylococcal cassette chromosome mec)
are resistant to a broad range of -lactam antibiotics and are
termed methicillin (meticillin)-resistant S. aureus (MRSA).
Evolutionary relationships within the genus Staphylococcus
have previously been determined using homologous house-
keeping genes (3, 6, 7, 14, 15, 20), and S. aureus has been
shown to be well separated from the other species. Multilocus
sequence typing (MLST) of large numbers of S. aureus isolates
has revealed that the MLST loci are in general no more than
3% divergent (4). This is considerably less than in other bac-
terial species (2, 8). Therefore, the picture that has emerged is
that extant S. aureus bacteria are descended from a relatively
recent common ancestor and that there is a wide evolutionary
gulf between S. aureus and any other bacterial species.
Recent evidence indicates that this model is an oversimpli-
fication. Surveillance of staphylococcal carriage and disease in
the tropical northern region of the Northern Territory of Aus-
tralia yielded methicillin-susceptible and methicillin-resistant
Staphylococcus isolates that are highly divergent from S. aureus
at the MLST loci and are therefore difficult to classify. These
isolates were shown to be closely related to each other and
were designated clonal complex 75 (CC75) (16). They ac-
counted for 23% of all isolates and 70% of MRSA isolates
recovered during a community study of impetigo (16), and
clinical isolates were associated with a variety of disease states
(22). Similar to other incidents of community-acquired MRSA,
the majority of SCCmec cassettes found in CC75 were type IV
(16).
The aims of this study were to determine the evolutionary
position of CC75 within the genus Staphylococcus and to test
the hypothesis that CC75 encompasses significant diversity,
even within a single geographical region with a small human
population. The reporting of this study was complicated by the
uncertain taxonomic status of CC75. In this study, we have
regarded CC75 as belonging to S. aureus but made a comment
regarding taxonomic status when discussing the results. In the
interests of clarity, we have used “CC75”to refer to this lineage
and used “conventional S. aureus” to denote “S. aureus not
including CC75.”
Five CC75 isolates were included in this study. HS2, HS42,
and M34 isolates were derived from surveillance of skin lesions
in remote indigenous communities in the northern region of
the Northern Territory, Australia, with M34 being included in
a previously reported study (16). SCC1302 and SCC1119 are
clinical isolates obtained from the Pathology Department of
Royal Darwin Hospital (22). They were identified as belonging
to CC75 using the single-nucleotide polymorphism genotyping-
based method of McDonald et al. (16), and all are methicillin
resistant except HS2 and HS42. The isolates were routinely
propagated on horse blood agar.
The evolutionary position of CC75 was deduced from the
sequences of six gene fragments previously used to study the
relationships between Staphylococcus species (3, 6, 7, 14, 15,
20). Sequences were obtained from HS2, HS42, M34, and
SCC1302 isolates. To extract genomic DNA, colonies were
selected, placed in 5 ml of Todd-Hewitt yeast broth, and grown
at 37°C overnight with agitation. DNA was extracted from 1 ml
of pelleted cells using a QIAamp DNA minikit (Qiagen) ac-
cording to the manufacturer’s instructions, using 100 g/ml
lysostaphin (Sigma). Fragments of the 16S rRNA, gap, rpoB,
sodA, tuf, and hsp60 genes were amplified and sequenced. PCR
was carried out with the oligonucleotide primers listed in Table
1 using the reaction conditions specified in the references for
the primers shown in Table 1. PCR products were purified and
sequenced by either Bioscience North Australia, Charles Dar-
win University, Darwin, Australia, or Macrogen Inc., Seoul,
South Korea.
The CC75 sequences were compared to the corresponding
sequences from five conventional S. aureus strains and a rep-
resentative of seven other Staphylococcus species (Table 2). In
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the case of 16S rRNA, no differences between CC75 and con-
ventional S. aureus were found over the region sequenced. For
the remaining gene fragments, the sequences were aligned, and
neighbor-joining trees were deduced using the MEGA soft-
ware package (21) (Fig. 1). It can be seen that there is a
consistent pattern that CC75 is significantly diverged from
conventional S. aureus; however, CC75 and conventional S.
aureus are each other’s closest relatives. There were an average
of eight times as many polymorphisms separating CC75 and
conventional S. aureus as there were separating the most di-
TABLE 1. Oligonucleotide primers used for PCR and sequencing
Primer use Locus Primer Primer sequence (5–3) Ampliconsize (bp)
Reference
or source
Phylogenetic analysis 16S rRNA 16S 27F AGAGTTTGATCMTGGCTCAG 950 14
16S 907R CCGTCAATTCMTTTRAGTTT
gap gap1-F ATGGTTTTGGTAGAATTGGTCGTTTA 931 6
gap2-R GACATTTCGTTATCATACCAAGCTG
rpoB rpoB-2491F AACCAATTCCGTATIGGTTT 751 3
rpoB-3241R GCIACITGITCCATACCTGT
sodA sodA-F CCITAYICITAYGAYGCIYTIGARCC 429 20
sodA-R ARRTARTAIGCRTGYTCCCAIACRTC
tuf tuf-Tseq271F AAYATGATIACIGGIGCIGCICARATGGA 885 15
tuf-Tseq1138R CCIACIGTICKICCRCCYTCRCG
hsp60 hsp60-F GAATTCGAIIIIGCIGGIGAYGGIACIACIAC 600 7
hsp60-R CGCGGGATCCYKIYKITCICCRAAICCIGGIGCYTT
MLST arcC arcC-Up TTG ATT CAC CAG CGC GTA TTG TC 456 4
arcC-Dn AGG TAT CTG CTT CAA TCA GCG
aroE aroE-F75 internal AAC TTT AAG TCT TTA GGG TTA GA 412 This study
aroE-R2 75 internal CAT TTC AGC ATC GTT TAA CGT
glpF glpF-Up CTA GGA ACT GCA ATC TTA ATC C 465 This study
glpF-R75 AGG TAA AAT AGC ATG TGC AAT TC
gmk gmk-F75 ATC GTT TTA TCA GGG CCA TC 429 This study
gmk-R75 TCA TTA ACT ACT ACG TAA TCA TA
pta pta-Up GTT AAA ATC GTA TTA CCT GAA GG 474 4
pta-Dn GAC CCT TTT GTT GAA AAG CTT AA
tpi tpi-F75 TCG GAC ATT CTG AAC GTC GTG AA 402 This study
tpi-Dn TTT GCA CCT TCT AAC AAT TGT AC
yqiL yqiL-F75 CAG CAT ATA GAA CAC CAA TTG GC 516 This study
yqiL-R75 CGT TGT GGA ATT GAT ACC GGA AC
TABLE 2. GenBank accession numbers of staphylococcal sequences used for the phylogenetic analyses
Staphylococcal source
(reference)
GenBank accession no. for:
Genome sequence gap rpoB sodA hsp60 tuf
S. aureus strains
Mu3 (17) AP009324
N315 (12) BA000018
Newman (1) AP009351
RF122 (10) AJ938182
USA300 (11) CP000730
CC75 isolates
HS2 GQ141068 GQ141064 GQ141076 GQ141074 GQ141080
HS42 GQ141069 GQ141065 GQ141077 GQ141073 GQ141081
M34 GQ141067 GQ141063 GQ141075 GQ141071 GQ141079
SCC1302 GQ141066 GQ141062 GQ141074 GQ141070 GQ141078
Staphylococcus spp.
S. capitis DQ321676 AF325885 AJ343940 AF036322 AF298798
S. epidermidis DQ321683 AF325872 AJ343906 AF029245 AF298800
S. haemolyticus DQ321687 AF325888 AJ343910 U92809 AF298801
S. hominis DQ321688 AF325875 AJ343911 AF053572 AF298802
S. hyicus DQ321689 AF325876 AJ343913 AF019778 EU571080
S. intermedius DQ321690 AF325869 AJ343914 AY123723 EU571083
S. lugdunensis DQ321693 AF325870 AJ343917 AF053570 AF298803
S. sciuri DQ321697 AY820256 AY820257 AY820255 AY763434
S. simulans DQ321698 AF325877 AJ343956 AF053584 AF298805
S. warneri DQ321699 AF325887 AJ343958 AF053569 AF298806
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FIG. 1. Neighbor-joining trees of gap, rpoB, sodA, tuf, and hsp60 DNA sequences. The DNA sequences from S. aureus strains, CC75 isolates,
and different Staphylococcus species were used. The following fragments of the coding sequences were used: fragment from position 58 to 941 for
gap, fragment from position 1 to 492 for rpoB, fragment from position 11 to 380 for sodA, fragment from position 1 to 538 for hsp60, and fragment
from position 360 to 730 for tuf (conventional S. aureus numbering). Scale bars and numbers represent the number of nucleotide differences.
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vergent conventional S. aureus from each other. It was con-
cluded that the most recent common ancestor of CC75 and
conventional S. aureus existed considerably before the most
recent common ancestor of conventional S. aureus, but con-
siderably after the most recent common ancestor of conven-
tional S. aureus and any other recognized staphylococcal spe-
cies. Also of interest was the presence of similar levels of
diversity within the CC75 and conventional S. aureus se-
quences.
In order to further examine the relationship between CC75
and conventional S. aureus, the sequences of their MLST loci
were compared. Neighbor-joining trees were deduced from the
allele sequences in the S. aureus MLST database. The tree for
the yqiL locus is shown in Fig. 2, and the trees for the other loci
are essentially equivalent (with the exception of the aroE locus;
see below). The yqiL alleles associated with CC75 isolates
(alleles 49, 105, and 131) are clearly removed from all the other
alleles. This confirms that CC75 is distinct from conventional
S. aureus.
There are currently five sequence types (STs) in the S. au-
reus MLST database (http://saureus.mlst.net) that clearly be-
long to CC75. These are ST75, ST850, ST883, ST1223, and
ST1304. There are apparent anomalies in that all of these STs
apart from ST1223 possess six “CC75” alleles but also have a
conventional S. aureus aroE allele (the precise allele varies
from ST to ST). We were completely unable to amplify a
product for the aroE locus for any CC75 isolate using the
previously reported S. aureus MLST primers (4) and also had
difficulty amplifying some of the other loci on several occa-
sions. As a result, we designed an alternative primer set for
MLST of CC75 isolates (Table 1), utilizing sequence flanking
the alleles, or in the case of the aroE locus, the sequence of the
ST1223 aroE allele, to design the primers. We then performed
MLST analysis on four CC75 isolates (HS2, M34, SCC1119,
and SCC1302). The sequence of each locus was compared to
that in the S. aureus MLST database. None of the isolates
corresponded to known STs, with between one and three loci
of each isolate having an allele sequence not present in the
MLST database (Table 3). The two CC75 isolates from com-
munity surveillance (HS2 and M34) possessed different alleles
at all seven MLST loci. The two clinical CC75 isolates pos-
sessed the same MLST alleles but differed from one of the
community isolates at five loci and differed from the other
community isolate at all seven loci. Thus, there is significant
diversity in alleles even within this small number of CC75
isolates. The aroE sequences were closely related to the
ST1223 aroE allele, with between zero and five polymorphisms.
We consider it possible that the aroE alleles in CC75 sequence
types ST75, ST850, ST883, and ST1304 in the MLST database
are not correct and are due to the conjunction of primer
template mismatches and PCR contamination. We were un-
able to submit our new alleles to the MLST website because
of the truncated aroE sequences. However, they have been
submitted to GenBank (Table 3). There is a clear case for a
separate MLST scheme for CC75.
The two ST75 isolates and the single ST850 and ST883
FIG. 2. Neighbor-joining tree of representative yqiL alleles from
the S. aureus MLST database. To aid presentation, only a subset of
alleles were included. The alleles were selected to encompass as much
diversity as possible. Scale bars and numbers represent the number of
nucleotide differences.
TABLE 3. MLST alleles of CC75 isolatesa
Sequence type
or isolate
MLST allele for:
arcC aroE glpF gmk pta tpi yqiL
Sequence types
ST75 36 3b 43 34 39 52 49
ST850 36 3b 43 79 39 52 49
ST883 36 4b 43 34 107 116 105
ST1223 151 187 20 101 145 150 131
ST1304 36 45b 43 34 39 52 49
CC75 isolates
HS2 151 (187)c 20 New i 145 150 131
M34 New i New i 43 New ii 107 116 105
SCC1119 36 New ii 43 New ii 39 52 49
SCC1302 36 New ii 43 New ii 39 52 49
a The new alleles have been deposited in GenBank under accession numbers
GQ141057, GQ141058, GQ141059, GQ141060, and GQ141061. New i, first new
allele found for the locus; New ii, second new allele found for the locus.
b Possibly incorrect alleles, so ST75 and ST1304 may be identical.
c Identical to allele 187, but slightly less than the full aroE sequence was
determined (see text).
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isolates listed in the MLST database all originated in northern
Australia (18, 19), and it is stated on the MLST website that
the ST1304 isolate is from the state of Western Australia,
which has a very large area in the tropics. Thus, until recently,
to the best of our knowledge, CC75 was confined to tropical
northern Australia. However, the single ST1223 isolate origi-
nates from Cambodia. One unexpected finding was the close
relationship between ST1223 and one of the two northern
Australia community isolates from this study. These differ at
just one of the seven MLST loci. This is in marked contrast to
the considerable difference between the two community iso-
lates (Table 3). This suggests that international dissemination
of clones or clonal complexes within CC75 takes place. While
we have grouped these isolates as “clonal complex 75,” there is
in fact much greater variation within this group than as classi-
cally defined for a clonal complex comprising of a founder and
its single- and double-locus variants.
We have been unable to find any phenotype that is diagnos-
tic for CC75. The CC75 isolates were tested using the API
Staph biochemical test strips (biome´rieux–Australia Pty. Ltd,
Balkam Hills, New South Wales, Australia) and yielded results
typical for conventional S. aureus. It is the opinion of the
authors that it would be logical to regard CC75 as a new
subspecies of S. aureus. However, the lack of a known diag-
nostic phenotype may make acceptance of a valid subspecies
name difficult under current taxonomic guidelines. However,
the explosion of genome sequence data will likely impact on
taxonomic guidelines for bacteria in the near future, and we
anticipate that definition of a valid subspecies name for CC75
on the basis of multilocus sequence data only or in combi-
nation with geographical range will at some point become
possible.
The significance of this study lies not just in the character-
ization of a new phylogenetic group of Staphylococcus but also
in that CC75 appears to be a highly abundant human pathogen
in some regions of the world. The level of diversity in CC75
excludes the notion that CC75 in northern Australia represents
the rapid radiation of a clone. Rather, it appears that CC75 has
long been established in northern Australia and is endemic
there. The geographical range of CC75 remains unknown, but
its detection in Cambodia suggests it may be widely distributed
but largely unnoticed. This is possibly because it is indistin-
guishable from conventional S. aureus on the basis of conven-
tional microbiological diagnostic methods and biochemical
tests and possibly because its primary habitat is less developed
regions of the tropical Asia Pacific region. Technical difficulties
in performing MLST on CC75 isolates using conventional
MLST primers may also contribute to underreporting.
This group of bacteria is significant, as it is genotypically
distinct from conventional S. aureus but is still able to cause S.
aureus-like disease. More detailed comparative genomic anal-
ysis of CC75, conventional S. aureus, and other less pathogenic
staphylococcal species may better reveal the core genomic fea-
tures which contribute to the pathogenicity of conventional S.
aureus and CC75 compared to other staphylococcal species.
Nucleotide sequence accession numbers. Nucleotide se-
quences for gap, rpoB, sodA, hsp60, and tuf have been depos-
ited in GenBank under accession numbers GQ141068,
GQ141064, GQ141076, GQ141074, and GQ141080, respec-
tively, for S. aureus CC75 HS2; under accession numbers
GQ141069, GQ141065, GQ141077, GQ141073, and GQ141081,
respectively, for S. aureus CC75 HS42; under accession numbers
GQ141067, GQ141063, GQ141075, GQ141071, and GQ14
1079, respectively, for S. aureus CC75 M34; and under acces-
sion numbers GQ141066, GQ141062, GQ141074, GQ141070,
and GQ141078, respectively, for S. aureus CC75 SCC1302.
Nucleotide sequences for the new MLST alleles have been
deposited in GenBank under accession numbers GQ141057
for the arcC locus, GQ141058 and GQ141059 for the aroE
locus, and GQ141060 and GQ141061 for the gmk locus.
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